Background: Alteration of chromatin structure is a key step in various aspects of DNA metabolism. DNA unwinding factors such as the high mobility group (HMG) proteins are thought to play a general role in controlling chromatin structure and a specific role in controlling DNA replication. For instance, in the in vitro simian virus 40 replication system, minichromosomes containing HMG-17 replicate more efficiently than those without it, suggesting that HMG-17 enhances the rate of replication of a chromatin template by unfolding the higher-order chromatin structure. At present, however, only limited data suggest an involvement of DNA unwinding factors in DNA replication.
Background: Alteration of chromatin structure is a key step in various aspects of DNA metabolism. DNA unwinding factors such as the high mobility group (HMG) proteins are thought to play a general role in controlling chromatin structure and a specific role in controlling DNA replication. For instance, in the in vitro simian virus 40 replication system, minichromosomes containing HMG-17 replicate more efficiently than those without it, suggesting that HMG-17 enhances the rate of replication of a chromatin template by unfolding the higher-order chromatin structure. At present, however, only limited data suggest an involvement of DNA unwinding factors in DNA replication.
Results:
We purified from Xenopus eggs a novel heterodimeric factor, termed DNA unwinding factor (DUF), that consists of 87 kDa and 140 kDa polypeptides. DUF unwinds closed-circular duplex DNA in the presence of topoisomerase I, but it does not possess a DNA gyrase activity: it does not introduce negative supercoils into DNA at the expense of ATP hydrolysis. Cloning and sequencing of the cDNAs encoding the two polypeptides revealed that the 87 kDa polypeptide is homologous to a mammalian HMG protein, T160/structure-specific recognition protein. The 140 kDa polypeptide is homologous to yeast Cdc68, a protein that controls the expression of several genes during the G1 phase of the cell cycle by modulating chromatin structure. Immunodepletion of DUF from Xenopus egg extracts drastically reduced the ability of the extract to replicate exogenously added sperm chromatin or plasmid DNA.
Conclusions:
We propose that DUF plays a role in DNA replication in Xenopus egg extracts.
Background
Alteration of chromatin structure is a key step in various events such as transcription and replication. High mobility group (HMG) proteins, which contain one or more 80-amino-acid DNA-binding motifs called HMG domains [1] , are well known factors that induce unwinding or bending of DNA [2] [3] [4] . HMG proteins were first identified as abundant non-histone proteins in eukaryotic chromatin and were divided into two classes, sequence-specific transcription factors and structure-specific chromatin-associated proteins [2, 5] . The former bind to double-stranded DNA in a sequence-specific manner [6, 7] ; the latter bind to DNA with little sequence specificity and instead recognize altered DNA conformation [8, 9] . It is believed that structure-specific chromatin-associated HMG proteins may play a general role in regulating transcription and DNA replication [10, 11] . For instance, two members of this class, HMG-14 and HMG-17, are candidates for generators of transcriptionally active chromatin [12, 13] . It has been suggested that they increase the accessibility of target sequences to components of the transcriptional apparatus by disrupting chromatin structure [13] . Changes in chromatin structure also influence the process of chromatin replication [14] . In the in vitro simian virus 40 (SV40) replication system, minichromosomes that contain HMG-17 replicate more efficiently than those without HMG-17 [11] ; HMG-17 may enhance the rate of replication of a chromatin template by unfolding the higher-order chromatin structure.
CDC68 (also known as SPT16) is a yeast gene that is required at the control point of the G1 phase of the cell cycle (START) [15] . CDC68 affects the transcription of a number of apparently unrelated genes in both positive and negative ways [16, 17] . Most Spt proteins (of which Cdc68 is one) are thought to play an important role in regulating transcription through chromatin remodeling [18, 19] . When bound to Pob3, Cdc68 has been shown to interact with Pol1, the catalytic subunit of DNA polymerase α of budding yeast [20] , suggesting a role in DNA replication. Pob3 is homologous to the amino-terminal three quarters of the mammalian HMG proteins T160 (a mouse protein that binds to V(D)J recombination signal sequences) and structure-specific recognition protein (SSRP1; a human protein that shows high affinity for cisplatin-modified double-stranded DNA) [21, 22] .
In the present study, we isolated from Xenopus egg extracts a heterodimeric factor (DUF) that unwinds duplex DNA in the presence of eukaryotic topoisomerase I. Xenopus egg extracts can efficiently replicate various kinds of exogenous DNA in a semiconservative manner [23] . Immunodepletion of DUF from Xenopus egg extracts reduced DNA replication. Cloning and sequencing the cDNAs encoding the two polypeptides of DUF revealed that one is homologous to the mammalian HMG protein T160/SSRP1, and the other to Saccharomyces cerevisiae Cdc68. This is the first report of the involvement in DNA replication of an HMG protein in a complex with a transcription-regulating protein.
Results

Purification of DUF from Xenopus egg extracts
We purified a factor that unwinds DNA from Xenopus egg extracts by tracking an activity that introduces negative supercoils into relaxed closed-circular duplex DNA through six successive column chromatographies (Figure 1a ). The activity in each fraction that introduces negative supercoils into duplex DNA in the presence of eukaryotic topoisomerase I was measured using the method of Dean and Hurwitz [24] . To detect the activity, a relaxed closed-circular duplex-DNA substrate was prepared by treatment of supercoiled duplex DNA (form I) with eukaryotic topoisomerase I (Topo I). When a factor that negatively twists DNA is incubated with relaxed closed-circular duplex DNA in the presence of Topo I, negative twists are introduced at the site at which the factor was bound, and compensating positive twists are introduced in the rest of the DNA. Topo I relaxes the positive twists but cannot relax the negative twists, which remain in the DNA even after protein is removed. We treated DNA with each fraction in this way and measured the superhelicity of the DNA by electrophoresis in an agarose gel containing chloroquine phosphate, which introduces positive superhelicity to duplex DNA and thereby separates relaxed circular DNA from nicked circular DNA. The mobility of closed-circular DNA with negative superhelicity is lower than that of the DNA without negative superhelicity [25] , allowing measurement of the amount of unwinding activity. Figure 1b shows the protein composition of the active fractions obtained from each purification step. Polypeptides with molecular masses of 140 kDa and 87 kDa (Figure 2a ,c) were co-purified with the unwinding activity (Figure 2b,d ). The activities of the products of the fifth and sixth purification steps are shown in Figure 2b and 2d. Densitometric scanning of the SDS polyacrylamide gel showed the molar ratio of the two polypeptides to be 1:1. In gel filtration chromatography, the two polypeptides elute as a single band with an apparent 342 Current Biology, Vol 9 No 7
Figure 1
Purification of DUF from Xenopus egg extracts by successive column chromatographies. . This suggests that they form a heterodimeric complex, which we call DNA unwinding factor (DUF). About 70 µg purified DUF was routinely obtained from 100 ml egg extract.
The unwinding activity of DUF
The unwinding activity of purified DUF was then characterized further. In the presence of Topo I, DUF reduced the average positive superhelicity of closed-circular DNA in chloroquine gels (Figure 3a ). When Topo I was omitted from the reaction mixture, no unwinding activity was detected ( Figure 3a , lane 2), indicating that DUF is not itself a gyrase (a protein that can introduce negative supercoils into duplex DNA without the aid of Topo I). The unwinding activity of DUF is detected both in the presence and absence of ATP (Figure 3a , lanes 3 and 4), just as for HMG proteins that have the ability to wrap duplex DNA around themselves [2] [3] [4] . We calculated the difference in the linking number, a measure of superhelicity, between relaxed DNA and supercoiled DNA [24] . DUF (0.5 µg or 2.1 pmol) removed about 1.5 helical turns from DNA (0.2 µg or 0.07 pmol). The extent of supercoiling increased with increasing concentrations of DUF together with a fixed concentration of relaxed closed-circular DNA (Figure 3c ). It is estimated from Figure 3c that one helical turn is removed from one mole of DNA by 15 moles of DUF. Unwinding was also observed when the template DNA was replaced by other types of relaxed closed-circular double-stranded DNA, such as pUC18, pBR322, φX174, ColE1, or M13 (Figure 4 ), suggesting that DUF has a low DNA-sequence specificity .
Molecular cloning of DUF
We cloned and sequenced DUF-encoding cDNAs that we identified by peptide sequencing and degenerate oligonucleotide screening. (Figure 5a ), which shows high affinity for cisplatin-modified double-stranded DNA. We also found that the amino-terminal three-quarters of DUF87 shares 35% identity with the entire length of the yeast protein Pob3, a protein that binds specifically to Pol1, the catalytic subunit of S. cerevisiae DNA polymerase α [20] . Because HMG proteins are known to introduce negative supercoils into closed-circular duplex DNA in the presence of eukaryotic topoisomerase I [2] [3] [4] , the homology of the 87 kDa subunit of DUF with HMG proteins suggests that it may play a major role in introducing negative supercoils into duplex DNA.
The 140 kDa polypeptide (DUF140) has a predicted 1036 amino-acid residues with a calculated molecular mass of 118.3 kDa (Figure 5b ) and has a region rich in acidic amino acids. DUF140 shows 30% homology to the Cdc68 protein of S. cerevisiae, which has been shown to regulate the transcription of a number of apparently unrelated genes during G1 [16] and to interact with the Pol1 protein [20] . These results suggest that DUF may play a role in DNA replication.
Immunodepletion of DUF from Xenopus egg extracts reduces DNA replication
To examine the role of DUF in DNA replication in Xenopus egg extracts during S (DNA synthesis) phase, we
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Figure 2
The last two steps of DUF purification.
Fractions from (a) heparin-5PW column chromatography and (c) hydroxyapatite chromatography were analyzed by 7.5% SDS-PAGE and the proteins were visualized by Coomassie blue staining. The ability of the heparin fractions and hydroxyapatite fractions to introduce negative supercoils into duplex DNA are shown in (b) and (d), respectively. A 5µl aliquot of each 200µl fraction was used to assay for unwinding. R, relaxed closed-circular duplex DNA; FII and FIII, form II (nicked circular duplex) DNA and form III (linear duplex) DNA, respectively. Bands appearing between R and FII indicate the products of unwinding. When the extracts were pretreated with anti-DUF140, their ability to replicate added sperm chromatin was reduced to 5-25% of the control level (Figure 7a ,b). When purified DUF was added to the DUF-depleted extracts, DNA replication was restored to approximately 75% of the control level ( Figure 7b ). The purified DUF fraction from which DUF had been depleted with anti-DUF140 antibody could not restore DNA replication in DUF-depleted egg extracts (data not shown), which shows that any contaminants in the purified DUF fraction could not be responsible for the recovery of DNA replication in DUF-depleted egg extracts. The defect in DNA replication could also be partially restored by the re-addition of proteins eluted from anti-DUF140 immunoaffinity beads (data not shown).
Together, these results suggest that the reduction in DNA replication in DUF-depleted extracts was caused by the removal of DUF itself.
Alkaline CsCl density gradient centrifugation revealed that most of the synthesized DNA arose by de novo synthesis rather than repair-type synthesis and that the overall amount of DNA synthesis was decreased by immunodepletion of DUF ( Figure 7c ). Addition of purified DUF partially restored DNA synthesis and this synthesis was shown to be mainly of the replicative (de novo) type ( Figure 7c ). Cell-free Xenopus egg extracts can catalyze replication of exogenously added plasmid DNA [26, 27] . The levels of replication intermediates of plasmid DNA, visualized as arcs in two-dimensional agarose gel electrophoresis [28, 29] , were specifically diminished when S-phase extracts were pretreated with anti-DUF140 ( Figure 7d ). In contrast, the incorporation of [α-32 P]dCTP into linear DNA, which might result from repair-type DNA synthesis using nicked-duplex DNA contaminants in the DNA preparation (shown as a straight line in Figure 7d ), was not reduced by immunodepletion of DUF. This result confirms the results of alkaline CsCl density gradient centrifugation: DUF is required for DNA synthesis of the replicative type.
Wittmeyer and Formosa [20] reported that the yeast proteins Cdc68 and Pob3, which are homologous to DUF140 and DUF87, respectively, physically interact with Pol1. extracts did not result from the removal of DNA polymerase α but from removal of DUF itself.
DUF is not required for nuclear assembly
It is well known that nuclear assembly is essential for chromosomal replication in Xenopus egg extracts [23, 30] . To investigate the possible function of DUF in nuclear envelope formation, demembranated sperm chromatin was incubated with the DUF-depleted or mock-depleted egg extracts for 90 minutes and then observed under a microscope. In DUF-depleted extracts, nuclear envelope formation occurred in a manner indistinguishable from that in mock-depleted extracts, although loss of DUF immunostaining and the absence of DNA replication were obvious in the DUF-depleted extracts (Figure 8a ). To confirm the assembly of intact nuclear envelopes, we added rhodamine-conjugated goat immunoglobulin G to the egg extract containing reconstituted nuclei and found that it was excluded by the nuclei assembled in DUF-depleted extracts (Figure 8b ). The number of nuclei formed in DUF-depleted extracts was estimated to be almost identical to that in mock-depleted extracts. These results indicate that DUF is not involved in nuclear assembly.
Discussion
Unwinding of DNA by DUF Unwinding of duplex DNA has been believed to be important for the regulation of DNA replication or transcription because it results in altered chromatin structure. One important role of HMG proteins is in unwinding chromosomal DNA. We have purified a novel heterodimeric factor, DUF, from Xenopus egg extracts. DUF87 has an HMG box in the carboxy-terminal region, which suggested to us that it could also unwind duplex DNA. The extent of superhelicity induced by DUF increases with increasing concentrations of DUF. In a reaction containing 0.25 µg DUF, which removed about one helical turn from 0.2 µg DNA, the molecular ratio of DUF to plasmid DNA was 15:1. In the assay system used in this study, excess amounts of HMG proteins are usually required to reduce the average linking number. In the case of Hmo1, a yeast HMG protein, as much as a 70-fold molar excess of Hmo1 over DNA is required for supercoiling [4] .
Homologues of DUF
The molecular cloning of DUF140 revealed sequence homology between DUF140 and the Cdc68 protein of S. cerevisiae, a protein that has been shown to regulate the transcription of a number of apparently unrelated genes during G1 phase [16] . This suggests the possibility that DUF could be indirectly involved in DNA replication through regulation of the transcription of several genes required for DNA replication. It is well known, however, that the genome of early embryonic Xenopus cells, in contrast to that of oocytes and somatic cells, is transcriptionally inactive [31, 32] . So, at least in the Xenopus embryo, DUF may not function in the regulation of transcription but may be directly involved in DNA replication, although it is possible that DUF functions in the regulation of transcription in somatic cells, as is the case for Cdc68. It is also possible that DUF is required for the vigorous transcription that occurs in oocytes.
DUF87 is 70% identical to the human SSRP1 [22] and mouse T160 [21] . SSRP1 was identified as a protein that binds specifically to DNA modified with cisplatin, a
Figure 4
Unwinding activities of DUF (0.3 µg) assayed using a variety of plasmid and bacteriophage relaxed closed-circular duplex DNAs (0.2 µg). ∆L, change in the average linking number. The amino-terminal three-quarters of DUF87 share 35% identity to the entire length of the yeast Pob3 protein, (a) Immunodepletion of DUF from Xenopus egg extracts. (a,b) Effect of immunodepletion on DNA synthesis using sperm chromatin as a template. DNA replication of sperm chromatin in untreated (control), mock-treated (mock), or anti-DUF140-treated (depleted) extracts was (a) measured by electrophoresis and autoradiography and (b) quantified using an image analyzer Fuji BAS2000. The quantification of results from (a) is shown as 'exp. 1' in (b). After the addition of purified DUF (0.6 µg) to the anti-DUF140-treated extract, DNA replication was measured (readdition in exp. 2, exp. 3 and exp. 4). In untreated extracts, about 60% of input sperm chromatin was consistently replicated. (c) The DNA products (from exp. 3) synthesized in the mock-depleted extracts (mock), anti-DUF140-depleted extracts (depleted) or anti-DUF140-depleted extracts reconstituted with purified DUF (readdition) using sperm chromatin as a template were ultracentrifuged in CsCl under alkaline conditions. The positions of the heavy (H; ρ = 1.801 g/ml) and light (L; ρ = 1.740 g/ml) density single-stranded DNAs, respectively, were determined as described [37] . (d) Effect of immunodepletion on DNA synthesis using plasmid DNA as a template. Products of DNA synthesis using supercoiled pSV00CAT DNA in mock-treated (mock) and anti-DUF140-treated extracts (depleted) was analyzed by two-dimensional agarose gel electrophoresis [37] followed by autoradiography. The meaning of the straight lines and arcs is explained in the text. 
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Function of DUF in vivo
What is the function of DUF in vivo? It is possible that DUF promotes the initiation and/or elongation step(s) of DNA replication by modulating higher-order chromatin structure and facilitating access of the replication machinery to template DNA. Several reports have suggested that HMG proteins are involved in the regulation of DNA replication. For instance, transcriptionally active chromatin is preferentially replicated early in S phase [33] , and HMG proteins are preferentially associated with chromatin domains containing transcriptionally active genes [34, 35] . Hmo1, which is a yeast HMG1/2 homologue that changes higher-order chromatin structure, is required for normal growth and plasmid maintenance [4] . Vestner et al. reported that HMG-17 enhances the replication of SV40 DNA in the form of chromatin but not as naked DNA, suggesting that HMG-17 unfolds the chromatin to facilitate the passage of the replication machinery [11] . By contrast, Cdc68, a yeast homologue of DUF140, has been proposed to function in forming a chromatin structure that ensures appropriate transcription [16, 17] .
Recently, various factors have been identified that affect chromatin structure in such a way as to facilitate transcription initiation. These include the SWI/SNF and RSC complexes in S. cerevisiae, and CHRAC and NURF of Drosophila [36] . These factors facilitate interaction of transcription factors with regulatory elements by modifying the structure of chromatin in an ATP-dependent manner [36] . In addition to these ATP-dependent chromatin remodeling complexes, a heterodimeric protein named FACT was identified as a factor that facilitates transcript elongation through nucleosomes without ATP [37] . Alexiadis et al. reported that CHRAC remodels the chromatin structure at the SV40 origin using the energy of ATP hydrolysis, allowing large T antigen to bind to the origin and thus resulting in efficient initiation of DNA replication [38] . It is plausible that DUF could modulate chromatin and facilitate the formation of a chromatin structure that is suitable for chromatin replication without ATP, just as FACT does in the transcription of chromatin.
Conclusions
DUF is a heterodimeric factor purified from Xenopus egg extracts that unwinds duplex DNA in the presence of eukaryotic topoisomerase I. Cloning and sequencing of the two polypeptides of DUF revealed homology of one to a mammalian HMG protein, T160/SSRP1, and of the other to S. cerevisiae Cdc68. Immunodepletion of DUF from Xenopus egg extracts reduced DNA replication, suggesting that DUF plays an important role in eukaryotic DNA replication by modulating chromosomal DNA structure. Detailed investigations of the effect of DUF on chromatin will provide new insights into the regulation of eukaryotic DNA replication.
Materials and methods
Purification of DUF from Xenopus egg extracts
All buffers used for the purification of DUF contained 0.2 µg/ml each leupeptin, chymostatin, and pepstatin, and 0.5 mM dithiothreitol. Egg extracts were prepared from calcium-ionophore-activated Xenopus eggs as described [39] . After the addition of NaCl to a final concentration of 0.5 M, the egg extracts were centrifuged at 250,000 × g for 90 min. The resultant supernatants were filtered through a G3000SW gel filtration column (Tosoh) equilibrated with buffer A (20 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.2 M NaCl, 10% glycerol). Fractions containing a protein with an apparent molecular mass of about 250 kDa were dialyzed against buffer B (20 mM MES pH 6.5, 1 mM MgCl 2 , 20% glycerol) containing 0.15 M NaCl, and loaded onto an SP-Sepharose column (Pharmacia) equilibrated with buffer B containing 0.15 M NaCl. The adsorbed proteins were eluted with buffer B containing 1.0 M NaCl and dialyzed against buffer C (20 mM Tris-HCl (pH 7.5), 1 mM MgCl 2 , 20% glycerol) containing 50 mM NaCl. The SP-Sepharose fraction was loaded onto a DEAE-5PW column (Tosoh) equilibrated with buffer C containing 50 mM NaCl. Proteins were eluted with a linear gradient of NaCl 
DNA unwinding assay
The unwinding activity was assayed by the method of Dean and Hurwitz [24] with the modification that calf thymus topoisomerase I (TopoGEN) and topoisomerase-I-relaxed closed-circular pSV00CAT DNA were included in the reaction mixture. Standard reaction mixtures (50 µl) contained 25 mM Tris-HCl pH 7.5, 1 mM DTT, 4 mM ATP, 40 mM creatine phosphate, 250 µg/ml creatine kinase, 0.4 mg/ml bovine serum albumin, 10% glycerol, 6 units of calf thymus topoisomerase I, 0.2 µg of relaxed closed-circular pSV00CAT DNA, and DUF. Reactions were carried out at 37°C for 1 h and terminated by the addition of a stop solution (50 µl) consisting of 1% sodium dodecyl sulfate, 0.5 M EDTA, 0.5 M NaCl, 1 µg glycogen, and 5 µg proteinase K. After deproteinization, DNA superhelicity was measured by electrophoresis in an agarose gel (1%) containing chloroquine phosphate at a concentration of 4 µg/ml which introduced positive superhelicity to duplex DNA. Chloroquine in the agarose gel caused the relaxed duplex DNA to accumulate a few positive supercoils and to migrate faster than nicked circular duplex DNA (form II) [25] . The supercoiling activity of DUF was measured by detecting the slower-migrating topoisomers that had less positive superhelicity than the faster-migrating topoisomers (which are not supercoiled). Each band was assigned an integral value to represent the linking number of topoisomers. Changes in the average linking number (∆L) were calculated as described [24] .
Production of antibodies and immunodepletion
An anti-DUF140 antiserum against a bacterially expressed DUF140 fragment (AA302-1036) was raised in rabbits, and the antibody was affinity purified. Anti-DUF87 monoclonal antibodies were prepared as follows. A BALB/c mouse was immunized with purified DUF by intraperitoneal injection. After immunization, spleen cells were fused with mouse myeloma cells. Hybridoma clones were selected in HAT medium. The clones producing anti-DUF87 antibodies were subcloned by limiting dilution and single cell cloning. Protein A-Sepharose beads conjugated to nonimmune rabbit IgG or anti-DUF140 antibody were added to S-phase egg extracts at a final ratio of 1:2 (v:v). The mixtures were incubated for 1 h at 4°C with occasional swirling. The beads were then removed by centrifugation to yield the mock-treated and anti-DUF140-treated extracts.
DNA replication in egg extracts
The extracts were mixed with 25 mM phosphocreatine, 75 µg/ml creatine phosphokinase, 125 µg/ml cycloheximide, and 10 µCi/ml of [α-32 P]dCTP. Demembranated sperm nuclei [39] were added at a final concentration of 100 nuclei per microlitre and incubated for 1h at 23°C. After incubation, DNA products were prepared by phenol/chloroform extraction and ethanol precipitation and were analyzed by electrophoresis in agarose gels (1%) and autoradiographed. For density analysis, demembranated sperm nuclei were incubated in egg extracts containing 10 µCi/ml of [α-32 P]dCTP and 0.25 mM BrdUTP. Incubation was performed at 23°C for 3 h, and the DNA products were prepared as described above. CsCl density gradient centrifugation was then carried out as described [40] . For two-dimensional agarose gel electrophoresis, supercoiled pSV00CAT (5 µg/ml) was added to extracts containing 25 mM phosphocreatine, 75 µg/ml creatine phosphokinase, 125 µg/ml cycloheximide, and 10 µCi/ml of [α-32 P]dCTP. After incubation at 23°C for 1 h, the DNA products were prepared by phenol/chloroform extraction and ethanol precipitation. The DNA products were digested with Pvu II and subjected to two-dimensional agarose gel electrophoresis as described [40] .
Indirect immunofluorescence microscopy
Demembranated sperm chromatin (500 nuclei per microlitre) were incubated in 10 µl egg extract containing 10 µM biotin-14-dCTP at 23°C. After incubation, the samples were fixed by adding 50 µl NWB (200 mM sucrose, 15 mM Hepes-NaOH pH 7.4, 50 mM NaCl, 2.5 mM MgCl 2 , and 1 mM DTT) containing 3.7% formaldehyde [41] . After 10 min incubation at room temperature, the nuclei were pelleted onto coverslips by centrifugation at 1,200 × g for 10 min through NWB containing 25% glycerol [39] . The coverslips were washed with NWB and then incubated for 1 h at 37°C with affinity-purified rabbit anti-DUF140 antibody (diluted 1:200 in PBS). After incubation, the coverslips were washed three times with NWB and incubated with FITC-labeled anti-rabbit IgG (diluted 1:300 in PBS) and Texas-red-labeled streptavidin. The coverslips were again washed three times with NWB and mounted on glass slides with a fixing solution (3.7% formaldehyde, 2 µg/ml DAPI, 80 mM KCl, 15 mM NaCl, 50% glycerol, 15 mM Pipes-KOH pH 7.2. For exclusion analysis of rhodamine-IgG, after incubation of demembranated sperm chromatin with egg extract (10 µl), the samples were incubated with rhodamine-conjugated goat IgG (1 µl). After 10 min incubation at 23°C, the samples were mounted on glass slides without fixing.
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Figure S1
DNA polymerase α-primase activity was detected with [α-32 P] using single-stranded circular M13 DNA (10 µg/ml) as a template in mocktreated (mock) or anti-DUF140-treated (depleted) extracts. DNA synthesis was (a) measured by autoradiography and (b) quantified using an image analyzer Fuji BAS200. Anti-DUF140-treated extracts showed low ability to replicate sperm chromatin despite high DNApolymerase α-primase activity. The same egg extract and DUF-depleted extract used in exp. 2 of Figure 7b were used in this experiment. 
